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GRAPHICAL  ABSTRACT 


•  We  prepared  a  new  morphological 
nanostructure  of  composite:  CNWs@ 
ultrathin  Sn02  NSs@C  composite. 

•  The  coaxial  nanocable-like  structure 
made  the  composite  to  have  suffi¬ 
cient  physical  buffer  ability. 

•  The  composite  exhibited  good  results 
in  performance  of  capacity  and  cycling. 


Reaction  Mechanism 
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Sn  +  xLi*  +  xe'  — » LixSn  (0sx<4.4) 
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In  this  work,  a  new  morphological  nanostructure  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  has 
been  successfully  fabricated,  realizing  the  integration  of  two-dimensional  ultrathin  Sn02  NSs  and  one¬ 
dimensional  CNWs.  The  nanosized  ultrathin  Sn02  NSs  (thickness  of  ca.  1—3  nm)  are  uniformly  distrib¬ 
uted  between  one  dimension  CNWs  core  and  C  shell,  as  confirmed  by  XRD,  SEM,  TEM  and  HRTEM 
characterizations.  When  tested  as  potential  anode  materials  for  LIBs,  the  as-prepared  coaxial  nanocable¬ 
like  CNWs@ultrathin  Sn02  NSs@C  composite  exhibits  outstanding  reversible  capacity  for  lithium  storage 
(695  mAh  g-1  after  40  cycles  at  160  mA  g-1,  651  and  618  mAh  g-1  after  80  cycles  at  400  and  800  mA  g-1, 
respectively).  This  intriguing  architecture,  which  integrates  both  electronic  conductivity  and  buffering 
matrix  design  strategies,  contributing  to  enhanced  lithium  storage  performance. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  advantages  such  as  high  energy  density,  high  safety,  low 
cost,  and  long  lifespan,  rechargeable  Lithium-ion  batteries  (LIBs) 
have  attracted  great  research  interest  worldwide  [1,2].  Recently, 
LIBs  are  considered  as  the  most  promising  energy  storage  tech¬ 
nologies  for  electrical  vehicles  and  renewable  energy  such  as  wind 
and  solar  [3-5].  However,  current  LIBs  predominantly  use  graphite 
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as  anode  materials,  which  cannot  meet  the  pressing  need  for 
powering  electric  vehicles  (EVs)  or  hybrid  electric  vehicles  (HEVs) 
energy  storage  requirements  due  to  the  low  theoretical  capacity  of 
around  372  mAh  g-1  [6].  Therefore,  it  is  highly  desirable  to  develop 
alternative  anode  materials  to  meet  the  need  for  next-generation 
LIBs. 

Sn02  has  been  considered  as  one  of  the  most  promising  candi¬ 
dates  for  anode  materials  due  to  its  high  theoretical  capacity  of 
782  mAh  g_1,  low  toxicity,  high  abundance  and  safe  working  po¬ 
tential  [7-9].  Unfortunately,  there  are  two  main  drawbacks:  one  is 
huge  volume  change  of  Sn02  during  discharge/charge  process, 
which  eventually  causes  the  aggregation  and  pulverization  of  Sn02 
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with  fast  capacity  fading;  the  other  is  poor  electronic  conductivity 
of  Sn02,  both  factors  severely  hamper  the  practical  usage  of  the 
Sn02  anode  for  LIBs.  To  overcome  this  issue,  various  Sn02  nano¬ 
structures  with  large  surface  area  and  high  surface-to-volume  ratio, 
such  as  ultrathin  nanosheets  [10],  nanosheets  assembled  hollow 
spheres  [11],  nanowires  [12],  nanotube  arrays  [13],  nanorods  [14], 
and  so  forth,  have  been  employed  to  reduce  the  absolute  volume 
expansion  of  tin  dioxide.  However,  considerable  capacity  fading 
still  exists  upon  cycling  due  to  the  breaking  down,  aggregation 
and  pulverization  of  these  Sn02  nanostructures  [9].  Another 
effective  way  to  solve  the  above-mentioned  problems  is  to  design 
composites  with  Sn02  and  carbon  nanomaterials,  which  not  only 
improve  the  conductivity  but  also  accommodate  the  volume 
change  of  Sn02  during  cycles  [15,16].  For  example,  Wu  et  al.  syn¬ 
thesized  CNTs@Sn02@C  coaxial  nanocables  with  higher  lithium 
storage  capacities  and  better  cycling  performance  [9].  Zhao  et  al. 
prepared  SWNTS@Sn02@PPy  coaxial  nanocables  with  greatly 
improving  the  capacity  [7].  Ding  et  al.  prepared  Sn02  nanosheets 
grown  on  graphene  sheets  with  enhanced  lithium  storage  proper¬ 
ties  [17].  Therefore,  carbon  has  been  considered  to  be  a  very 
promising  choice  as  buffering  matrix  to  prevent  the  broken  of 
Sn02-based  hybrid  nanostructures  during  cycling.  However,  these 
means  alone  only  have  limited  improvement  in  lithium  storage 
performance  of  Sn02-based  hybrid  nanostructures.  Thus,  it  still 
exist  a  huge  potential  to  synthesize  and  design  Sn02-based  hybrid 
nanostructures  with  better  lithium  storage  performance. 

Herein,  we  synthesized  a  new  morphological  nanostructure  of 
composite,  namely  carbon  nanowires@ultrathin  Sn02  nano- 
sheets@carbon  (CNWs@ultrathin  Sn02  NSs@C)  composite.  The  ul¬ 
trathin  Sn02  nanosheets  (Sn02  NSs)  firstly  grow  on  the  polypyrrole 
nanowires  (PPy  NWs)  backbone  by  facile  tin  dichloride  dihydrate 
hydrothermal  method.  Followed  by  the  carbon  coating  through 
glucose  hydrothermal  process  and  subsequent  carbonization 
approach,  the  CNWs@ultrathin  Sn02  NSs@C  composite  was  ob¬ 
tained.  It  is  worth  mentioning  that  the  PPy  NWs  were  transformed 
into  CNWs  during  the  carbonization  process,  avoiding  specially 
preparation  process  of  CNWs.  The  fabrication  process  is  illustrated 
in  Fig.  1.  It  should  be  pointed  out  that  PPy  is  firstly  used  as  CNWs 
precursor  to  ultrathin  Sn02  NSs,  and  the  formation  of  nanosheet¬ 
like  structures  from  nonlayered  Sn02  is  still  extremely  chal¬ 
lenging.  To  our  knowledge,  SnCVbased  composites  with  such 
morphology  and  good  lithium  storage  properties  have  never  been 
reported  before. 

2.  Experimental  section 


Fig.  1.  Schematic  illustration  of  the  fabrication  process  of  CNWs@ultrathin  Sn02 
NSs@C  composite. 


autoclave  used  an  ice-water  bath  to  rapid  cooling  after  the  reaction 
finished.  After  that,  PPy  NWs@ultrathin  Sn02  NSs  composite  was 
obtained  by  centrifugation,  washed  with  deionized  water  and 
ethanol  thoroughly,  and  dried  in  an  oven  at  60  °C  overnight.  Pure 
ultrathin  Sn02  NSs  were  also  synthesized  under  the  same  condi¬ 
tions  but  without  adding  PPy  NWs  and  CTAB  surfactants  reported 
in  Ref.  [10]. 

Preparation  of  the  CNWs@ultrathin  Sn02  NSs@C  composite: 
CNWs@ultrathin  Sn02  NSs@C  composite  was  synthesized  by  a 
modified  approach  that  was  similar  to  reference  [9].  Briefly,  100  mg 
PPy  NWs@ultrathin  Sn02  NSs  composite  was  dispersed  in  60  mL 
mixed  solvent  of  3  M  D-glucose  aqueous  and  ethanol  with  the 
volume  ratio  being  1 :1.  After  sonication  for  30  min,  the  suspension 
was  transferred  into  a  100  mL  Teflon-lined  stainless  autoclave, 
sealed,  and  maintained  at  190  °C  for  4  h.  After  the  reaction  was 
finished,  the  resulting  black  solid  products  were  collected  by 
centrifugation  and  washed  with  distilled  water  and  ethanol  thor¬ 
oughly,  and  then  dried  in  a  vacuum  oven  at  60  °C  overnight.  Finally, 
the  black  products  were  kept  in  a  tube  furnace  at  500  °C  for  3  h 
under  Ar  at  a  ramping  rate  of  0.5  °C  min-1,  the  CNWs@ultrathin 
Sn02  NSs@C  composite  was  obtained.  The  CNWs@Sn02  nano¬ 
particles  (NPs)@C  composite  was  also  synthesized  under  the  same 
conditions  but  using  PPy@Sn02  NPs  to  replace  PPy@Sn02  NSs.  And 
the  PPy@Sn02  NPs  composite  was  synthesized  under  the  same 
conditions  as  the  PPy@ultrathin  Sn02  NSs  but  without  using  an  ice- 
water  bath  to  rapid  cooling. 


2  A.  Synthesis  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  2.2.  Structure  and  electrochemical  characterization 


All  chemicals  were  analytical  grade  and  used  without  further 
purification. 

Preparation  of  the  polypyrrole  nanowires@ultrathin  Sn02  NSs 
(PPy  NWs@ultrathin  Sn02  NSs)  composite:  in  a  typical  experiment, 
200  pL  of  pyrrole  (99.7%,  Aldrich)  was  added  into  100  mL  deionized 
water  containing  60  mg  cetyl  trimethyl  ammonium  bromide 
(CTAB).  After  stirred  for  1  h,  20  mL  0.26  M  ammonium  persulfate 
aqueous  solution  was  slowly  dropped  into  above  solution.  The 
polymerization  process  was  kept  under  stirring  for  4  h  at  room 
temperature.  After  polymerization  process  finished,  the  solution 
became  black  suspension.  Then  30  mL  of  the  suspension  was  added 
into  30  mL  ethanol  and  mixed  well.  Afterward,  0.12  g  tin  dichloride 
dehydrate  (AR,  Aldrich)  was  added  to  above  mixture  of  suspension 
and  ethanol.  After  stirred  for  30  min,  followed  by  the  addition  of 
1.68  g  ammonium  hydroxide  (25—28  wt  %).  This  suspension  was 
transferred  into  a  100  mL  teflon-line  stainless  autoclave  after  stir¬ 
red  for  10  min,  and  then  placed  in  an  oven  at  120  °C  for  6  h.  The 


The  morphology  and  microstructure  of  the  products  were  ob¬ 
tained  using  field  emission  scanning  electron  microscopy  (FE-SEM, 
JEOLJSM-7401F),  high  resolution  transmission  electron  microscopy 
(HRTEM,  JEOL  JEM-2010)  and  transmission  electron  microscopy 
(TEM,  JEOL  JEM-2010)  with  an  energy  dispersive  X-ray  spectrom¬ 
eter  (EDX)  and  a  selected-area  electron  diffraction  pattern  (SAED). 
The  composition  and  crystal  structure  were  characterized  by  X-ray 
diffraction  measurement  (XRD,  Rigaku,  D/max-Rbusing  Cu  Ka  ra¬ 
diation).  The  Sn02  content  was  tested  by  thermogravimetric  anal¬ 
ysis  (TGA,  SDT  Q600  V8.2  Bulid  100). 

Electrochemical  measurements  were  performed  using  2016- 
type  coin  cells  assembled  in  an  argon-filled  glove  box  (German,  M. 
Braun  Co.,  [O2]  <  1  ppm,  [H2O]  <  1  ppm).  The  working  electrodes 
were  composed  of  the  active  material  (CNWs@ultrathin  Sn02 
NSs@C  composite),  conductive  material  (acetylene  black,  AB),  and 
binder  (poly-vinyldifluoride,  PVDF)  in  a  weight  ratio  of  CNWs@ul- 
trathin  Sn02  NSs@C  composite/AB/PVDF  =  80:10:10  and  pasted  on 
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Fig.  2.  (a)  FESEM  image  of  the  PPy  NWs;  (b,  c)  TEM  image  and  magnified  TEM  image  of  the  PPy  NWs@ultrathin  Sn02  NSs  composite,  SAED  pattern  (inset  c)  of  the  uitrathin  Sn02  NSs 
grew  on  PPy  NWs;  (d,  e)  magnified  TEM  images  of  uitrathin  Sn02  NSs;  (f)  HRTEM  image  of  the  uitrathin  Sn02  NSs  drawn  from  the  area  denoted  by  a  gray  square  in  (e). 


Cu  foil.  Pure  lithium  foil  was  used  as  the  counter  electrode.  A  glass 
fiber  (GF/A)  from  Whatman  was  used  as  the  separator.  The  elec¬ 
trolyte  consisted  of  a  solution  of  1  M  LiPF6  in  ethylene  carbonate 
and  dimethyl  carbonate  (EC  +  DMC)  (1:1  in  volume).  The  galva- 
nostatic  discharge/charge  cycles  were  carried  out  on  a  CT2001a  cell 
test  instrument  (LAND  Electronic  Co.)  over  a  voltage  range  of  0.05— 
3.00  V  at  room  temperature.  Cyclic  voltammetry  (CV)  was  imple¬ 
mented  on  a  CFII660D  electrochemical  workstation.  Electro¬ 
chemical  impedance  spectrum  (EIS)  measurements  were  also 
performed  using  a  CEII660D  electrochemical  workstation  in  the 
frequency  rang  from  100  kEIz  to  0.01  Hz  with  an  ac  perturbation  of 
5  mV.  For  CNWs@ultrathin  Sn02  NSs@C  composite  working  elec¬ 
trode,  all  the  specific  capacities  reported  and  current  densities  used 
were  based  on  the  total  weight  of  CNWs@ultrathin  Sn02  NSs@C 
composite. 


3.  Results  and  discussion 

In  this  CNWs@ultrathin  Sn02  NSs@C  composite,  CNWs  back¬ 
bone  was  obtained  by  using  PPy  NWs  as  precursor,  which  had  never 
been  reported  for  Sn02  NSs  anode  materials.  Carbon  nanotubes 
(CNTs)  usually  used  as  conductive  support  and  backbone  for  syn¬ 
thesizing  Sn02/carbon  composites  due  to  their  high  conductivity 
and  robust  mechanical  properties  [9,18].  Compared  to  CNTs,  the 
CNWs  obtained  from  carbonization  of  PPy  NWs  precursor  have 
advantages  such  as  simple  process  of  preparation,  shape- 
controlled,  lowcost  and  so  on.  Thanks  to  PPy  NWs  with  bigger 
surface  area  provided  the  sites  for  heterogeneous  nucleation  of 
Sn02,  uitrathin  Sn02  NSs  grew  on  the  surface  of  PPy  NWs  was 
realized  during  fabrication  process  of  the  composite.  The  formation 
mechanism  of  uitrathin  Sn02  NSs  reported  in  Ref.  [10]  was  that 
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Fig.  3.  Morphological,  structural,  and  compositional  characterizations  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  and  the  CNWs@Sn02  NPs@C  composite:  (a)  TEM  image  and 
magnified  TEM  image  (inset);  (b)  magnified  TEM  image,  SAED  pattern  (inset)  of  the  exposed  Sn02  NSs  indicated  by  a  gray  oval  and  carbon  layer  indicated  by  white  arrows;  (c)  EDS 
spectrum;  (d)  XRD  pattern;  (e,  f)  TEM  images  of  the  CNWs@Sn02  NPs@C  composite  with  different  magnifications. 


Sn02  NSs  were  assembled  by  “oriented  attachment”  of  preformed 
Sn02  nanoparticles  (NPs).  This  unique  architecture  would  bring 
high  lithium  storage  and  good  cycling  performance  for  the 
CNWs@ultrathin  Sn02  NSs@C  composite.  We  discussed  it  in  the 
following  sections. 

The  morphology  characterizations  of  PPy  NWs,  PPy  NWs@ul- 
trathin  Sn02  NSs  composite  and  pure  ultrathin  Sn02  NSs  were 
carried  out  using  field  emission  scanning  electron  microscope 
(FESEM),  high  resolution  transmission  electron  microscopy 


(HRTEM)  and  transmission  electron  microscope  (TEM).  Fig.  2a 
shows  the  pristine  PPy  NWs  have  curved  wires-like  shape  with  a 
diameter  distribution  of  ca.  100  nm.  Fig.  2b,  c  indicates  that  the 
ultrathin  Sn02  NSs  uniformly  grow  on  the  surface  of  PPy  NWs, 
where  the  nanosheet-like  structure  is  formed  uniformly 
throughout  the  longitudinal  axis  of  the  PPy  NWs.  The  light  regions 
suggest  planar  or  bended  thin  sheets  lying  on  the  substrate.  Then 
relatively  dark  regions  indicate  that  some  sheets  may  either  lie 
aslant,  perpendicularly  to  the  substrate  or  spontaneously  convolute 


Q,  Tian  et  al.  /  Journal  of  Power  Sources  246  (2014)  587-595 


591 


Fig.  4.  TGA  analysis  of  the  CNWs@ultrathin  Sn02  NSs@C  composite. 


due  to  minimization  of  surface  energy.  The  selected-area  electron 
diffraction  (SAED)  pattern  (inset  of  Fig.  2c)  indicates  that  the  Sn02 
NSs  reveal  polycrystalline  in  nature,  because  there  are  three 
diffraction  rings  corresponding  to  the  (110),  (101)  and  (211)  planes 
of  polycrystalline  SnC^,  respectively.  The  Sn02  NSs  densely  grafted 
around  the  PPy  NWs  backbone  shown  in  Fig.  2c.  Moreover, 
magnified  TEM  images  and  HRTEM  image  indicate  that  the  nano¬ 
sheets  are  about  100  nm  in  width  and  ca.  1—3  nm  in  thickness 
shown  in  Fig.  2d,  e  and  f,  respectively.  The  XRD  pattern  of  the  pure 
ultrathin  Sn02  NSs  (Fig.  3d)  indicates  it  can  be  indexed  to  pure 
rutile  Sn02  (JCPDS  card  no.  41-1445,  SG:  P42/mnm.  a0  =  4.738  A, 
c0  =  3.187  A)  [19]. 

Fig.  3  displays  the  morphological,  structural,  and  compositional 
characterizations  of  CNWs@ultrathin  Sn02  NSs@C  composite.  As 
can  be  seen  from  Fig.  3a,  b  that  the  1  D  nanostructure  is  preserved 
after  the  PPy  NWs@ultrathin  Sn02  NSs  coated  by  carbon  layer,  as 
well  as  the  ultrathin  Sn02  NSs  morphology  is  maintained  and 
sandwiched  between  CNWs  and  carbon  layer.  The  relatively  dark 
lines  are  the  top  views  of  the  edges  of  Sn02  NSs  “standing”  upright 
on  the  CNWs  backbone  shown  in  Fig.  3a.  Ultrathin  Sn02  NSs  with  a 
large  width  “standing”  upright  on  the  CNWs  backbone  and  the 
carbon  layer  is  too  thin  (indicated  by  white  arrows  in  Fig.  3b)  to  coat 
the  Sn02  NSs  completely.  However,  the  thin  carbon  layer  is  in  favor 
of  improving  lithium  storage  of  Sn02/carbon  composite  [9].  It  can 
be  seen  that  a  single  Sn02  nanosheet  is  observed  and  indicated  by  a 
black  circle  shown  in  inset  of  Fig.  3a.  In  addition,  the  exposed  Sn02 
NSs  are  indicated  by  a  gray  oval  in  Fig.  3b  further  confirmed  by  the 
SAED  pattern  (inset  of  Fig.  3b). 

The  crystallographic  structure  of  the  CNWs@ultrathin  SnC^ 
NSs@C  composite  was  further  characterized  by  using  X-ray 
diffraction  (XRD)  shown  in  Fig.  3d.  As  observed,  all  of  the  diffraction 
peaks  of  CNWs@ultrathin  Sn02  NSs@C  composite  (Fig.  3d,  pattern 
top)  can  be  indexed  to  pure  rutile  SnCh  (JCPDS  card  no.  41-1445,  SG: 
P42/mnm.  a0  =  4.738  A,  c0  =  3.187  A)  [19].  Additionally,  the  carbon 
is  hard  to  trace  in  XRD  analysis,  which  suggests  the  carbon  coating 
are  amorphous  carbon.  The  broad  peaks  with  low  intensities  in 
these  samples  indicate  the  small  size  of  the  SnC^  shown  in  Fig.  3d. 
Compared  to  pure  Sn02  NSs,  the  peaks  intensities  of  the  two 
composites  increased  after  carbonization  owing  to  the  increase  of 
the  crystallinity  of  Sn02.  Fig.  3c  is  the  EDS  spectrum  taken  from  a 
single  CNWs@ultrathin  Sn02  NSs@C  composite  (Fig.  3b).  As  can  be 
seen  from  this  spectrum,  the  strong  peaks  for  C,  Sn  and  0  elements 
are  expected  from  the  CNWs,  carbon  layer  and  Sn02  NSs,  respec¬ 
tively.  Then  the  Cu  peaks  come  from  micro-grid  used  as  the  sample 


stage  in  TEM  measurements.  The  results  discussed  above  confirm 
that  we  have  successfully  obtained  the  CNWs@ultrathin  Sn02 
NSs@C  composite.  For  comparing  the  electrochemical  properties  of 
CNWs@Sn02  NSs@C  and  CNWs@Sn02  nanoparticles  (NPs)@C 
composite,  we  also  prepared  the  CNWs@Sn02  NPs@C  composite 
displayed  in  Fig.  3e,  f.  It  is  clearly  seen  that  Sn02  NPs  are  uniformly 
monodispersed  on  CNWs  without  Sn02  NSs.  The  CNWs@Sn02 
NPs@C  composite  was  also  investigated  by  XRD  (Fig.  3d),  and  can  be 
indexed  to  pure  rutile  Sn02  (JCPDS  card  no.  41-1445,  SG:  P42/mnm. 
a0  =  4.738  A,  c0  =  3.187  A)  [19]. 

The  weight  fraction  of  Sn02  in  the  CNWs@ultrathin  Sn02  NSs@C 
composite  was  determined  by  thermogravimetric  analysis  (TGA), 
with  the  results  shown  in  Fig.  4.  As  observed,  the  curve  of  the 
CNWs@ultrathin  Sn02  NSs@C  composite  displays  two  distinct  re¬ 
gions  of  weight  loss.  The  initial  weight  loss  between  200  and  600  °C 
is  mainly  due  to  the  removal  of  carbon  layer  [20],  while  the  weight 
loss  in  the  second  region  (600-800  °C)  could  be  attributed  to  the 
combustion  of  residual  carbon  layer  and  CNWs,  since  CNWs  is  more 
thermally  stable  than  carbon  layer.  After  reaching  800  °C,  the 
CNWs@ultrathin  Sn02  NSs@C  composite  shows  a  total  weight  loss 
of  42.36%,  determining  the  Sn02  contents  are  about  57.64%  by 
weight. 

The  electrochemical  properties  of  the  CNWs@ultrathin  Sn02 
NSs@C  composite  as  potential  anode  materials  for  lithium-ion 
batteries  were  investigated.  The  possible  reaction  mechanism  of 
SnCh/Li  cell  is  proposed  as  follows  [21,22]: 

Sn02  +  4Li+  +  4e~  ->  Sn  +  3Li20  (1) 

Sn  +  xLi+  +  xe^  ^  LixSn  (0  <  x  <  4.4)  (2) 

Fig.  5a  shows  the  initial  five  CV  curves  of  the  CNWs@ultrathin 
Sn02  NSs@C  composite  at  a  scan  of  0.5  mV  s-1  from  0.0  to  3.0  V. 
There  is  a  broad  reduction  peak  near  0.87  V  in  the  first  cathodic 
scan,  which  is  attributed  to  the  formation  of  a  solid  electrolyte 
interface  (SEI)  layer  and  the  conversion  of  Sn02  to  metallic  Sn.  This 
peak  shows  a  significantly  drop  in  current  after  the  first  cycle 
correspond  to  the  conversion  reaction  only.  As  can  be  seen  from 
Fig.  5a  that  two  characteristic  pairs  of  redox  peaks  are  clearly 
observed  in  the  CV  curves,  locating  at  0.03  and  0.63  V  and  0.9  and 
1.29  V,  respectively.  Specifically,  it  should  be  noted  that  a  broad 
cathodic  peak  (0.7-1.3  V)  and  a  corresponding  anodic  peak  (1.0- 
1.5  V)  still  exist  during  the  fifth  cycle,  suggesting  partial  revers¬ 
ibility  of  reaction  (1 ).  Note  here,  according  to  Wang  et  al.  previously 
reported,  it  has  indeed  been  found  that  the  partial  electrochemical 
reversibility  of  L^O  is  able  to  activate  when  applied  nanosized 
particles  (10-20  nm)  with  large  surface  areas  [10,23].  Thus,  we 
believe  that  the  observed  partial  reversibility  of  reaction  (1)  is  due 
to  the  ultrathin  thickness  of  Sn02  NSs.  Fig.  5b  shows  the  charge- 
discharge  voltage  profile  of  the  CNWs@ultrathin  Sn02  NSs@C 
composite  measured  at  a  constant  current  density  of  160  mA  g-1.  In 
agreement  with  its  CV  behavior,  two  poorly  defined  plateau  regions 
can  be  identified  in  the  first  discharge  process,  and  it  gives  a  very 
high  discharge  capacity  of  1727  mAh  g_1  (throughout  this  work,  the 
specific  capacity  of  CNWs@ultrathin  SnC^  NSs@C  composite 
calculated  based  on  the  total  mass  of  CNWs@ultrathin  Sn02  NSs@C 
composite).  And  the  following  charge  process  features  a  charge 
capacity  of  1061  mAh  g-1,  distributing  to  a  relatively  higher 
Coulombic  efficiency  of  61.4%  as  compared  to  other  composites  (in 
this  work,  the  specific  capacities  of  all  reported  composites  calcu¬ 
lated  based  on  their  total  mass)  [24,25],  which  is  owing  to  its 
unique  nanostructure.  As  well  known,  large  initial  capacity  loss  is 
common  for  Sn02  materials,  which  is  mainly  ascribing  to  the  first 
irreversible  reactions,  such  as  the  irreversible  formation  of  the  SEI 
layer,  electrolyte  decomposition  and  so  on.  The  discharge  and 
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Fig.  5.  Electrochemical  characterizations  of  the  CNWs@ultrathin  Sn02  NSs@C  composite,  CNWs@Sn02  NPs@C  composite  and  Sn02  NSs:  (a)  representative  CVs  of  the  CNWs@ul- 
trathin  Sn02  NSs@C  composite  at  a  scan  rate  of  0.5  mV  s-1  between  0.0  V  and  3.0  V;  (b,  c)  charge/discharge  voltage  profiles  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  and  Sn02 
NSs  at  160  mA  g_1,  respectively;  (d)  comparative  cycling  performance  between  different  samples  at  current  density  of  160  mA  g-1;  (e)  Coulombic  efficiencies  of  the  CNWs@ultrathin 
Sn02  NSs@C  composite,  CNWs@Sn02  NPs@C  composite  and  ultrathin  Sn02  NSs  (Coulombic  efficiency  =  Discharge  capacity/Charge  capacity  x  100%);  (f)  Nyquist  plots  of  the 
CNWs@ultrathin  Sn02  NSs@C  composite  and  Sn02  NSs  after  five  charge/discharge  cycles. 


charge  capacities  in  the  second  cycle  are  963  and  889  mAh  g  \ 
respectively,  resulting  in  an  increased  efficiency  value  of  92.3%. 
Moreover,  the  efficiency  further  increases  up  to  95.9%  in  the  fifth 
cycle  and  keeps  increasing  in  the  following  cycles  shown  in  Fig.  5e. 
It  is  worth  noting  that  the  charge  curves  in  the  following  cycles 
almost  overlapped  with  the  first  one,  further  showing  a  good 
cycling  performance  of  the  CNWs@ultrathin  SnC^  NSs@C  com¬ 
posite.  In  addition,  it  can  be  seen  that  the  actual  capacity  of  the 
CNWs@ultrathin  Sn02  NSs@C  composite  is  clearly  than  theoretical 


value  (782  mAh  g-1)  of  Sn02  in  the  first  few  cycles.  This  phenom¬ 
enon  suggests  that  an  electrochemical  conversion  reaction  occurs 
between  U2O  and  metallic  Sn  (L^O  +  Sn  <-►  SnO  +  Li)  during 
discharge/charge  cycles  of  the  CNWs@ultrathin  Sn02  NSs@C  com¬ 
posite,  and  the  reversible  oxidation  of  Sn  to  SnO  in  this  composite 
increases  its  initial  coulombic  efficiency  and  specific  capacity  [26]. 
As  well  as  the  ultrathin  thickness  of  Sn02  NSs  of  the  CNWs@ul- 
trathin  Sn02  NSs@C  composite  is  also  beneficial  to  enhance 
coulombic  efficiency  and  specific  capacity  of  this  composite,  owing 
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Fig.  6.  (a,  b)  The  charge-discharge  voltage  profiles  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  at  current  density  of  400  mA  g-1  and  800  mA  g-1,  respectively;  (c)  Cycle 
performance  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  in  0.0-3.0  V  (vs.  Li/Li+)  voltage  window  at  current  density  of  400  mA  g-1  and  800  mA  g-1,  respectively;  (d)  rate 
capabilities  of  the  CNWs@ultrathin  Sn02  NSs@C  composite. 


to  the  partial  electrochemical  reversibility  of  U2O  is  able  to  activate 
when  applied  nanosized  particles  (10-20  nm)  with  large  surface 
areas  [10,23]. 

Fig.  5d  shows  the  comparison  of  cycling  performance  between 
CNWs@ultrathin  Sn02  NSs@C  composite  and  Sn02  NSs  between  0.0 
and  3.0  V  at  a  current  density  of  160  mA  g-1.  It  can  be  seen  that  the 
CNWs@ultrathin  Sn02  NSs@C  composite  demonstrates  enhanced 
cyclic  capacity  retention  over  the  pure  Sn02  NSs  counterpart.  The 
CNWs@ultrathin  Sn02  NSs@C  composite  delivers  a  high  discharge 
capacity  of  695  mAh  g  1  after  40  cycles  and  even  can  remain  at 
577  mAh  g-1  in  60  cycles,  compared  to  154  and  116  mA  h-1  for  the 
Sn02  NSs.  Fig.  5c  shows  that  the  Sn02  NSs  exhibit  a  high  capacity  in 
first  few  cycles  and  deliver  an  initial  discharge  capacity  of 
1920  mAh  g_1  due  to  their  unique  nanosheet-like  structure,  since 
the  ultrathin  nanosheet  architecture  can  provide  negligible  diffu¬ 
sion  time  and  shortened  diffusion  path  of  lithium  ions  and  probably 
faster  phase  transitions  [10].  In  Fig.  5d,  however,  the  Sn02  NSs  with 
fast  capacity  fading  can  be  observed  during  discharge/charge  cycles 
due  to  their  aggregation  and  pulverization  [9].  Then,  we  also 
compared  the  cyclic  performance  of  the  CNWs@ultrathin  Sn02 
NSs@C  composite  with  CNWs@Sn02  NPs@C  composite  shown  in 
Fig.  5d,  the  CNWs@Sn02  NPs@C  delivers  a  discharge  capacity  of 
486  mAh  g-1  after  40  cycles  and  only  remains  at  381  mAh  g-1  in  the 
60  cycles,  indicating  the  cycling  performance  of  the  CNWs@ul- 
trathin  Sn02  NSs@C  composite  is  significantly  improved.  In  addi¬ 
tion,  we  further  compared  the  lithium  storage  properties  with  that 
of  similar  composites  which  have  been  reported,  such  as  the 


CNTs@Sn02@C-thin  coaxial  nanocables  [9],  Sn02@PPy  nanowires 
[27]  and  the  one-dimensional  Sn02  NSs@CNT  hierarchical  structure 
composite  [28].  The  CNTs@Sn02@C-thin  coaxial  nanocables  deliv¬ 
ered  a  discharge  capacity  of  about  450  mAh  g-1  after  30  cycles  at 
100  mA  g-1,  and  the  initial  Coulombic  efficiency  was  49.3%;  The 
Sn02@PPy  nanowires  delivered  a  discharge  capacity  of 
430  mAh  g-1  after  20  cycles  at  60  mA  g-1,  and  the  initial  Coulombic 
efficiency  was  39.4%;  The  one-dimensional  SnCh  NSs@CNT  hierar¬ 
chical  structure  composite  delivered  a  discharge  capacity  of 
549  mAh  g_1  after  40  cycles  at  160  mA  g-1,  and  the  initial 
Coulombic  efficiency  was  39.6%.  Thus,  compared  to  them,  this 
CNWs@ultrathin  Sn02  NSs@C  composite  manifest  greatly 
enhanced  lithium  storage  properties  and  cycling  performance, 
which  is  mainly  due  to  the  unique  properties  of  the  ultrathin  Sn02 
NSs  and  the  structure  of  composite.  The  results  suggest  that  the 
ultrathin  sheets  architecture  can  provide  negligible  diffusion  time 
and  shortened  diffusion  path  of  lithium  ions  and  probably  faster 
phase  transitions.  Moreover,  the  sandwich-like  one-dimensional 
nanowires  structure  can  also  be  beneficial  to  buffer  drastic  volume 
changes  and  preserve  the  morphology  of  SnC^  NSs  during  the 
discharge/charge  process. 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
were  carried  out  to  better  demonstrate  the  effect  of  carbon  (CNWs 
and  carbon  coating)  on  the  electronic  conductivity  of  the 
CNWs@ultrathin  Sn02  NSs@C  composite.  Fig.  5f  shows  the  Nyquist 
plots  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  and  the  only 
Sn02  NSs  electrodes  after  five  discharge/charge  cycles.  Both 
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Fig.  7.  (a)  TEM  image  of  the  CNWs@ultrathin  Sn02  NSs@C  composite  after  60  cycles  at  160  mA  g  h  (b)  magnified  TEM  image  of  the  part  of  (a)  indicated  by  a  black  oval. 


electrodes  exhibit  Nyquist  plots  consisting  of  a  depressed  semi¬ 
circle  at  high  frequency  range  and  an  angled  straight  line  in  the  low 
frequency  range.  The  diameter  of  the  depressed  semicircle  is 
correlated  with  the  electron  transfer  resistance  on  the  electrode 
interface,  and  the  angled  straight  line  is  related  to  a  diffusion 
controlled  process.  Apparently,  the  CNWs@ultrathin  Sn02  NSs@C 
composite  delivers  a  much  smaller  diameter  of  the  high  frequency 
semicircle  compared  with  that  of  the  only  Sn02  NSs  electrode, 
indicating  enhanced  electron  and  lithium  ion  transport  [29]. 

The  cycling  performance  of  the  CNWs@ultrathin  Sn02  NSs@C 
composite  was  also  investigated  at  high  current  density.  Fig.  6a,  b 
shows  the  discharge/charge  voltage  profiles  of  the  CNWs@ultrathin 
Sn02  NSs@C  composite  at  current  density  of  400  mA  g-1  and 
800  mA  g-1,  respectively.  As  observed  from  Fig.  6a,  b  that  the 
sample  delivers  an  initial  discharge  capacity  of  1644  mAh  g”1  and 
1511  mAh  g-1  at  current  density  of  400  and  800  mA  g-1,  respec¬ 
tively.  The  good  cycling  performance  still  existed  in  high  current 
density  demonstrated  by  the  almost  same  trend  of  discharge  curve 
with  first  one  after  several  cycles.  In  Fig.  6c,  the  as-prepared  com¬ 
posite  exhibits  a  reversible  capacity  of  629  mAh  g-1  after  80  cycles 
at  a  current  density  of  400  mA  g-1,  manifesting  greatly  enhanced 
lithium  storage  properties  compared  to  one-dimensional  Sn02 
NSs@CNT  hierarchical  structure  composite  (420  mAh  g-1  after  30 
cycles  at  400  mA  g-1)  [28]  and  CNTs@Sn02@carbon  (505  mAh  g-1 
after  60  cycles  at  400  mA  g-1)  [30].  When  a  higher  current  density 
of  800  mA  g-1  is  employed,  a  reversible  capacity  of  611  mAh  g-1 
can  be  still  obtained  after  80  cycles.  The  results  further  demon¬ 
strated  the  good  cycling  performance  of  the  CNWs@ultrathin  Sn02 
NSs@C  composite  at  high  current  density.  The  good  lithium  storage 
property  at  high  current  density  attributed  to  the  intimate  in¬ 
teractions  between  CNWs  and  the  ultrathin  Sn02  NSs,  which  could 
effectively  and  rapidly  transport  electrons  between  Sn02  and  car¬ 
bon  to  the  current  collector  through  the  highly  conducting  one¬ 
dimensional  coaxial  nanocable-like  structure,  and  demonstrated 
by  the  EIS  shown  in  Fig.  5f.  It  is  interesting  to  observe  from  Fig.  6c 
that  the  phenomena  of  the  consistent  decrease  in  reversible  ca¬ 
pacity  until  to  about  6th  cycle,  then  consistent  increase  with  the 
cycle  number  to  16th  cycle.  We  speculate  that  it  is  mainly  owing  to 
the  lithium-ion  needs  more  time  to  permeate  and  contact  with 
those  buried  ultrathin  Sn02  nanosheets  with  larger  surface  area  of 
the  CNWs@ultrathin  Sn02  NSs@C  composite. 

Fig.  6d  illustrates  the  rate  performance  of  the  CNWs@ultrathin 
Sn02  NSs@C  composite  at  various  current  densities  from  160  to 
1600  mA  g-1.  The  specific  capacities  of  the  composite  are  806,  659, 


559  and  437  mAh  g-1  when  cycles  at  160,  400,  800  and 
1600  mA  g-1,  respectively.  When  back  to  160  mA  g_1,  a  capacity  of 
705  mAh  g-1  can  be  restored,  indicating  the  good  rate  performance 
and  stability  of  the  CNWs@ultrathin  Sn02  NSs@C  composite. 

To  further  understand  the  good  electrochemical  performance  of 
the  CNWs@ultrathin  Sn02  NSs@C  composite,  we  decomposed  a  cell 
after  60  cycles  at  a  current  density  of  160  mA^1  and  characterized 
the  morphology  by  TEM.  As  observed  from  Fig.  7,  the  curved  wires¬ 
like  morphology  is  still  preserved,  and  the  ultrathin  Sn02  NSs  is 
broken  but  still  existence,  showing  the  good  stability  of  this  com¬ 
posite  during  discharge/charge  cycles.  Thus,  this  unique  coaxial 
nanocable-like  structure  of  the  CNWs@ultrathin  Sn02  NSs@C 
composite  has  two  dominating  advantages  for  improving  the 
electrochemical  performance.  First,  ultrathin  Sn02  NSs  could  pro¬ 
vide  negligible  diffusion  time  and  shortened  diffusion  path  of 
lithium  ions  and  probably  faster  phase  transitions.  Second,  the 
coaxial  nanocable-like  one-dimensional  nanowires  structure,  with 
ultrathin  Sn02  NSs  uniformly  distributed  between  CNWs  and  C, 
could  effectively  buffer  drastic  volume  changes  during  the  re¬ 
actions,  improve  the  electronic  conductivity,  prevent  the  aggrega¬ 
tion  of  Sn02,  and  maintain  the  good  contact  between  U2O  and  Sn 
during  discharge/charge  process,  to  realize  the  highly  reversible 
conversion  and  alloy  reaction  of  Sn02  during  cycling  with  good 
stability. 

4.  Conclusions 

In  summary,  we  have  successfully  prepared  CNWs@ultrathin 
Sn02  NSs@C  composite.  CNWs  and  carbon  layer  in  the  resulting 
composite  can  effectively  prevent  the  aggregation  of  Sn02  NSs 
sandwiched  between  them,  improve  the  electronic  conductivity 
and  buffer  volume  change  and  accommodate  structural  stress  of 
Sn02  during  electrochemical  process.  The  ultrathin  SnC^  NSs  of 
CNWs@ultrathin  Sn02  NSs@C  composite  can  provide  negligible 
diffusion  time  and  shortened  diffusion  path  of  lithium  ions,  which 
contributing  to  enhanced  electrochemical  properties  with  high 
reversible  capacities  and  good  cycling  performance.  When  tested  as 
potential  anode  materials  for  LIBs,  the  coaxial  nanocable-like 
CNWs@ultrathin  Sn02  NSs@C  composite  delivers  a  high  discharge 
capacity  of  695  mAh  g-1  after  40  cycles  at  160  mA  g-1.  Moreover,  it 
also  delivers  a  reversible  capacity  of  ca.  651  and  618  mAh  g-1  after 
80  cycles  at  400  and  800  mA  g-1,  respectively.  Thus,  the  as- 
prepared  CNWs@ultrathin  Sn02  NSs@C  composite  exhibits  high 
lithium  storage  capacities  and  good  cycling  performance,  which  are 
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largely  due  to  the  unique  integration  of  two-dimensional  ultrathin 
Sn02  NSs  and  one-dimensional  coaxial  nanocable-like  architecture. 
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